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The sensitivity of the North Atlantic Ocean Circulation to an abrupt change6

in the Nordic Sea overflow is investigated for the first time using a high reso-7

lution eddy-permitting global coupled ocean-atmosphere model (GFDL CM2.5).8

The Nordic Sea overflow is perturbed through the change of the bathymetry in9

GFDL CM2.5. We analyze the Atlantic Meridional Overturning Circulation (AMOC)10

adjustment process and the downstream oceanic response to the perturbation.11

The results suggest that in the region north of 34◦N, AMOC changes induced12

by changes in the Nordic Sea overflow propagate on the slow tracer advection13

time scale, instead of the fast Kelvin wave time scale, resulting in a time lead14

of several years between subpolar and subtropical AMOC changes. The results15

also show that a stronger and deeper-penetrating Nordic Sea overflow leads to16

stronger and deeper AMOC, stronger northward ocean heat transport, reduced17

Labrador Sea deep convection, stronger cyclonic Northern Recirculation Gyre18

(NRG), westward shift of the North Atlantic Current (NAC) and southward shift19

of the Gulf Stream, warmer sea surface temperature (SST) east of Newfound-20

land and colder SST south of the Grand Banks, stronger and deeper NAC and21

Gulf Stream, and stronger oceanic eddy activities along the NAC and the Gulf22

Stream paths. This sensitivity study points to the important role of the Nordic23

Sea overflow in the large scale North Atlantic ocean circulation, and it is cru-24

cial for climate models to have a correct representation of the Nordic Sea over-25

flow.26
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1. Introduction

The Nordic Sea overflow, which enters into the deep North Atlantic through the Greenland-27

Iceland-Scotland (GIS) ridge, is one of the major sources for the North Atlantic Deep Water28

(NADW) and contributes significantly to the deep branch of the Atlantic Meridional Overturn-29

ing Circulation (AMOC). The impact of the southward NADW outflow on the North Atlantic30

ocean circulation has been studied previously using coarse resolution climate models. For exam-31

ple, some modeling studies suggest that a stronger NADW outflow, and thus a stronger AMOC,32

leads to a strengthening of the cyclonic Northern Recirculation Gyre (NRG) and a southward33

shift of the Gulf Stream path [Gerdes and Köberle, 1995; Zhang and Vallis, 2007; Zhang, 2008;34

Yeager and Jochum, 2009]. While these modeling results are consistent with the observations at35

Line W [Peña-Molino and Joyce 2008; Joyce and Zhang, 2010; Toole et al. 2010], some other36

ocean-only hindcast models [de Coẽtlogon et al. 2006] suggest the opposite, i.e. a stronger37

NADW outflow, and thus a stronger AMOC, leads to a northward shift of the Gulf Stream path.38

In many climate models, the simulated Nordic Sea overflow entering into the deep North39

Atlantic through the GIS ridge is unrealistically weak, compared to the observation [Dickson et40

al. 1990]. This bias is mainly caused by excessive convective entrainment of the overflow over41

staircase bathymetry in the climate models, leading to much lighter and shallower overflow42

waters [Winton et al. 1998; Danabasoglu et al. 2010]. Danabasoglu et al. [2010] proposed43

a new physical parameterization for the Nordic Sea overflow, and studied the impact of the44

Nordic Sea overflow parameterizations on the North Atlantic ocean circulation in a coupled45

coarse resolution climate model (NCAR CCSM4) as well as in its uncoupled ocean component.46

In both the coupled and uncoupled ocean-only simulations, Danabasoglu et al. [2010] found47
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that a stronger and deeper Nordic Sea overflow leads to a northward shift of the Gulf Stream48

path and a further weakening of the cyclonic NRG. All these previous coarse resolution model49

simulations lack explicit oceanic eddy activities and have broader western boundary currents50

than observed, and some ocean-only models do not have realistic air-sea boundary conditions.51

Hence it is important to reinvestigate the linkage between the NADW outflow and the North52

Atlantic ocean circulation using higher resolution coupled models.53

The response of the North Atlantic ocean circulation to changes in the NADW is established54

through the transient adjustment process. The AMOC adjustment process to an abrupt change55

in the northern high latitudes is often thought to be through the propagation of fast Kelvin56

waves, based on the classic picture that the NADW outflow moves along the western boundary57

as DWBC [Kawase, 1987; Johnson and Marshall, 2002]. The fast Kelvin wave will lead to an58

almost in-phase relationship between high and low latitudes AMOC changes. However, recent59

observations with acoustically tracked Range and Fixing of Sound (RAFOS) floats [Bower et al.60

2009] show that the a significant part of the NADW does not move along the western boundary,61

but actually along interior pathways from Flemish Cap to Cape Hatteras. Zhang [2010] shows62

that the existence of interior pathways of NADW causes a fundamentally different AMOC prop-63

agation mechanism, i.e. AMOC variations estimated in density space propagate on the slow64

tracer advection time scale due to the existence of interior pathways of NADW from Flemish65

Cap to Cape Hatteras, resulting in a much longer time lead (several years) between subpolar and66

subtropical AMOC variations. The longer time lead provides a more useful predictability. How-67

ever, the above study is based on a coarse resolution coupled climate model (GFDL CM2.1),68

which lacks explicit eddies, has broaden boundary currents and weaker deep western boundary69
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current (DWBC) from Flemish Cap to Cape Hatteras than that observed, and slows down the70

Kelvin wave artificially. Hence it is necessary to reinvestigate the AMOC adjustment process to71

an abrupt change in the northern high latitudes using higher resolution coupled models.72

In this paper, we study the sensitivity of the North Atlantic ocean circulation to an abrupt73

change in the Nordic Sea overflow for the first time using a high resolution eddy-permitting74

global coupled ocean-atmosphere model CM2.5. The model is recently developed at Geophys-75

ical Fluid Dynamics Laboratory (GFDL) [Delworth et al., manuscript in preparation, 2011].76

In this sensitivity study, we focus on the AMOC adjustment process and downstream oceanic77

response to an abrupt change in the Nordic Sea overflow. The strength of the Nordic Sea over-78

flow in climate models is very sensitive to changes in the model bathymetry [Roberts and Wood,79

1997]. In this study, we perturb the Nordic Sea overflow by modifying the bathymetry in CM2.5.80

Our results suggest that in the region north of 34◦N, AMOC changes induced by the abrupt81

change in the Nordic Sea overflow propagate on the slow tracer advection time scale, instead of82

the fast Kelvin wave time scale, resulting in a time lead of several years between subpolar and83

subtropical AMOC changes.84

Many climate model simulations show common large scale biases in the North Atlantic ocean85

circulation, such as the large scale SST biases associated with the biases of the northward shift86

of the Gulf Stream path and the eastward shift of the NAC path [Weese and Bryan, 2006; Bryan87

et al. 2007; Molinari et al. 2008]. The Gulf Stream has a significant influence on the troposphere88

[Minobe et al., 2008]. Changes in the path of the Gulf Stream can force significant changes in89

the synoptic wintertime atmospheric variability [Joyce et al., 2009]. The typical biases in the90

NAC path will also lead to biases of the water mass properties in the subpolar North Atlantic and91
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the Nordic Seas [Weese and Bryan, 2006]. Here our high resolution eddy-permitting coupled92

modeling results also show that a stronger and deeper-penetrating Nordic Sea overflow leads93

to a stronger cyclonic NRG, a southward shift of the Gulf Stream, and a westward shift of the94

NAC, as well as many other large scale changes in the North Atlantic ocean circulation that are95

opposite to the common biases in climate model simulations.96

2. Description of the High Resolution Coupled Ocean-Atmosphere Model and

Experiments

The high resolution coupled model used here (GFDL CM2.5) will be described in a detailed97

documentation [Delworth et al., manuscript in preparation, 2011]. The ocean component is98

based on MOM4p1 [Griffies, 2010] and has 50 vertical levels (22 levels of 10-m thickness99

each in the top 220 m), and the horizontal resolution is eddy-permitting, varying from 1/4◦ (or100

27.75 km) at the equator to 9 km at high latitudes with a squared isotropic grid. Prognostic101

tracers are advected by the multi-dimensional piecewise parabolic scheme (MDPPM). It has102

very small viscosity from the biharmonic Smagorinsky scheme, with no parameterization for103

explicit diffusion, in order to reproduce energetic and realistic frontal and eddy structures. The104

resolution of the atmosphere component is also increased to 32 levels in the vertical, and 50km105

in the horizontal with a finite volume dynamical core on cubed sphere grids [Putman and Lin,106

2007]. The model has similar atmospheric physics to that employed in the coarse resolution107

coupled model GFDL CM2.1 [Delworth et al. 2006]. CM2.5 also employs a new land model108

LM3.109

The control experiment uses the 1990 radiative forcing conditions and produces a stable in-110

tegration for 280 years without flux adjustments. The solution is quite realistic in general [Del-111
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worth et al., manuscript in preparation, 2011]. However, even with the high resolution eddy-112

permitting ocean grids and with the artificially deepened Denmark Strait depth (926m) in the113

control experiment, the simulated Nordic Sea overflow entering into the deep North Atlantic114

through the Greenland-Iceland-Scotland (GIS) ridge is still unrealistically weak (about 2 Sv),115

compared to the observed value of about 5-6 Sv [Dickson et al. 1990]. This bias is mainly116

caused by excessive convective entrainment of the overflow over staircase bathymetry in the117

model, leading to much lighter and shallower overflow waters [Winton et al. 1998; Danaba-118

soglu et al. 2010].119

Roberts and Wood [1997] show that the simulated strength of the Nordic Sea overflow is very120

sensitive to changes in the model bathymetry. To study the sensitivity of the North Atlantic121

ocean circulation to the abrupt change of the Nordic Sea overflow, we conduct a perturbed ex-122

periment (P1) for 20 years in which the bathymetry south of the Denmark Strait is deepened by123

300m (Fig. 1 a,b), whenever the background ocean depth in this area in the control experiment124

(C1) is more than 300m. With this modification of the bathymetry, the downstream pathways of125

the Nordic Sea overflow (in particular the Denmark Strait overflow) are deepened and widened,126

resulting in an instantaneous strengthening and deeper penetration of the Nordic Sea overflow127

in the deep ocean south of the Denmark Strait.128

In this paper, we study the AMOC adjustment process to the abrupt change in the Nordic Sea129

overflow using the first 10 years of the control (C1) and perturbed (P1) experiments. In addition,130

another set of control (C2) and perturbed (P2) experiments are conducted for several decades,131

with the bathymetry south of the entire GIS Ridge deepened by 300m in the perturbed experi-132

ment (P2), whenever the background ocean depth in this area in the control experiment (C2) is133
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more than 300m (Fig. 1 c,d). With a larger area of deepening, the instantaneous strengthening134

of the Nordic Sea overflow in the deep ocean south of the GIS Ridge in P2 is larger than that135

in P1. We also analyze the AMOC adjustment process using the first 10 years of experiments136

C2 and P2 to check the robustness of the results found with experiments C1 and P1. There are137

some minor localized bathymetry difference between C2/P2 and C1/P1 near the Florida Strait138

and the Indonesian Archipelago.139

In this paper, we also study the impact of the Nordic Sea overflow on the North Atlantic ocean140

circulation by focusing our analyses on the results averaged from year 6 to 10 of the control (C1)141

and perturbed (P1) experiments respectively. The results from C2 and P2 are similar and not142

shown. As will be discussed in detail in the following section, the abrupt strengthening of143

the Nordic Sea overflow in the perturbed experiment starts to have a significant impact on the144

North Atlantic ocean circulation at lower latitudes south of the Grand Banks at around year 5.145

Hence we analyze the impact on the North Atlantic ocean circulation using modeling results146

after the first 5 years. On the other hand, although the Nordic Sea overflow instantaneously147

adopts a large value after modifying the bathymetry in the perturbed experiment, it gradually148

weakens afterwards in association with the reduction of the density of the Nordic Sea source149

water as will be discussed in detail in section 4. The associated downstream impacts on the150

North Atlantic ocean circulation are also reduced in time with the weakening of the Nordic Sea151

overflow. Hence we choose the average of year 6 to 10 of the control (C1) and perturbed (P1)152

experiments for our analyses of the impact on the North Atlantic ocean circulation because the153

impact is still significantly strong during this early period.154
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3. Sensitivity of the North Atlantic Ocean Circulation to an Abrupt Change in the Nordic

Sea Overflow
3.1. AMOC Adjustment Process

The modification of the bathymetry in the perturbed experiment (P1) leads to an instantaneous155

strengthening and deeper penetration of the Nordic Sea overflow in the deep ocean south of the156

Denmark Strait. The abrupt change in the Nordic Sea overflow then triggers an anomalous157

southward deep flow which reaches the equator along the western boundary within 1 year due158

to the initial fast Kelvin wave adjustment (Fig. 2a). However, the anomalous southward deep159

flow near the western boundary, especially the one at south of the Grand Banks, is still much160

weaker at year 1 and becomes much stronger only after several years (Fig. 2a,b).161

The difference of the Atlantic overturning streamfunction between the perturbed (P1) and162

control (C1) experiments is largest at the constant potential density level 1036.9kg/m3. Fig. 3a163

shows AMOC changes (P1−C1) at this constant density level as a function of latitude for the164

first 10 years. The relative AMOC changes (Fig. 3b), i.e. (P1−C1) minus the 10-year mean165

difference (P1−C1) at each latitude, shows more clearly that AMOC changes propagate south-166

ward, and AMOC changes at the subtropics lag those at the northern high latitudes by several167

years. Results from another set of perturbed (P2) and control (C2) experiments show a very168

similar pattern of the AMOC adjustment (Fig. 3b,d), and the AMOC response is even stronger169

due to a larger bathymetry perturbation in P2. In both sets of experiments, AMOC changes170

show a significant southward tilt with time in the region north of 34◦N. From south of 34◦N to171

the equator, AMOC changes at various latitudes are almost in phase. This AMOC propagation172

characteristics is very similar to that found with the coarse resolution coupled model (GFDL173

CM2.1) [Zhang, 2010].174
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The several-year time lag between AMOC changes at the subtropics and AMOC changes175

at the high latitudes is inconsistent with the fast Kelvin wave adjustment, but consistent with176

the slow tracer advection time scale in the region north of 34◦N. Fig. 4 a,b,c shows the dis-177

tribution of the annual mean passive dye tracer at the deep ocean of year 2,4,6 respectively in178

the perturbed experiment (P1). The passive dye tracer is released continuously from the Den-179

mark Strait (at the depth from 572m to 926m) with a constant concentration of 1. The passive180

dye tracer propagates to lower latitudes near the western boundary and gradually reaches the181

western North Atlantic basin south of the Grand Banks after several years due to the advection182

by the mean deep current (Fig. 4a,b,c). The southwestward propagation of the passive dye183

tracer released from the Denmark Strait can also be seen in more details from the 3-dimensional184

animation for year 1 to 10 of the perturbed experiment P1 (Animation 1).185

In the region north of 34◦N, a significant part of the deep flow moves along interior pathways186

near the western boundary (Fig. 2b) even in this high resolution eddy-permitting model, i.e. the187

deep flow is not confined completely to the thin layer along the western boundary as it does south188

of 34◦N. The simulated interior pathways of NADW are consistent with that observed recently189

using acoustically tracked Range and Fixing of Sound (RAFOS) floats [Bower et al., 2009]. Due190

to the existence of the interior pathways, the adjustment of AMOC changes in the region north of191

34◦N is in two stages. The initial stage is the fast Kelvin wave response, and the signal carried by192

the Kelvin wave adjustment is very weak (Fig. 2a). In the second stage, a significant part of the193

deep flow anomaly moves along interior pathways with the density anomaly that is advected by194

the mean NADW outflow along interior pathways, and it can not propagate with the fast Kelvin195

wave in the interior ocean. When a positive southward deep flow anomaly moves along interior196
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pathways with the slow tracer advection time scale, it interacts with the bottom topography197

and induces a positive bottom vortex stretching anomaly (downslope), thus strengthening the198

barotropic cyclonic gyre [Zhang and Vallis, 2007; Zhang, 2010]. Hence the barotropic cyclonic199

gyre propagates southwestward from the subpolar region into the region south of the Grand200

Banks on the same tracer advection time scale (Fig.4 d,e,f). When the cyclonic gyre propagates201

to south of the Grand Banks a few years later, it strengthens the DWBC and pushes the Gulf202

Stream path southward. Hence the changes of the DWBC, as well as changes of the AMOC203

(include both the DWBC and the interior deep flow) propagate on the same tracer advection204

time scale.205

In the region from south of 34◦N to the equator, the deep meridional flow anomaly moves206

mainly along the western boundary, not through interior pathways (Fig. 2b). Hence the AMOC207

adjustment in this region is simply through the fast Kelvin wave process and AMOC changes at208

various latitudes in this region are almost in phase.209

In summary, in this high resolution eddy-permitting model GFDL CM2.5, the simulated two-210

stage AMOC adjustment process in the region north of 34◦N, as well as the in-phase relationship211

of AMOC changes from south of 34◦N to the equator, are very similar to that found with the212

coarse resolution coupled model (GFDL CM2.1) [Zhang, 2010]. The consistency between the213

high and low resolution coupled models suggests that the simulated AMOC propagation and214

adjustment process are robust. In particular, the AMOC adjustment process between the subpo-215

lar and the subtropical region is dominated by the slow tracer advection process, instead of the216

fast Kelvin wave response.217
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3.2. Impact on the North Atlantic Ocean Circulation

We now analyze the impact of the Nordic Sea overflow on the North Atlantic ocean circulation218

using results averaged from year 6 to 10 of the control (C1) and perturbed (P1) experiments219

respectively. The results from C2 and P2 are similar and not shown. In the control experiment220

(C1), the Nordic Sea overflow entered into the North Atlantic deep ocean is very weak (Fig.221

5a,c). Hence the downstream deep flow near the western boundary is also very weak. Part of222

deep flow moves eastward near 50◦N, and some moves further southward in the interior ocean223

near the Mid Atlantic Ridge, resulting in an eastward distribution of the younger age tracer and224

the passive dye tracer released from the Demark Strait in the interior ocean (Fig. 5a,c). Due to225

the lack of a strong deep flow near the western boundary south of the Flemish Cap, the younger226

age tracer and the passive dye tracer released from the Demark Strait are mainly confined to the227

subpolar region and do not penetrate south of the Grand Banks (Fig. 5 a,c). The detailed spatial228

distribution of the passive dye tracer released from the Denmark Strait can also be seen from the229

3-dimensional animation for year 1 to 10 of the control experiment C1 (Animation 2). On the230

contrary, in the perturbed experiment (P1), when a much stronger Nordic Sea overflow enters231

into the North Atlantic deep ocean through the Denmark Strait, the downstream deep flow near232

the western boundary is also much stronger, even in regions south of the Grand Banks (Fig. 5233

b,d). Hence the younger age tracer and the passive dye tracer released from the Denmark Strait234

show much higher concentration near the western boundary and less eastward distribution in235

the interior ocean, and can reach the western North Atlantic basin south of the Grand Banks due236

to the advection by the deep flow (Fig. 5 b,d; Animation 1).237
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In the perturbed experiment (P1), the total transport of the Nordic Sea overflow water (with238

the neutral density from 27.975 to 28.14 kg/m3) across the GIS Ridge is increased to about239

5 Sv from about 2 Sv in the control experiment (C1). The zero contour line of the annual240

mean Atlantic meridional overturning streamfunction at 35◦N is deepened to about 4000m from241

3000m in the control experiment C1 (Fig. 6). The maximum annual mean AMOC at 26.5◦N242

is increased to about 18 Sv (from 15 Sv in the control experiment C1) (Fig. 6), similar to that243

found in the direct observation using RAPID arrays [Cunningham et al. 2007; Kanzow et al.244

2010]. The annual mean northward ocean heat transport at 24◦N is enhanced to 1.16 PW (from245

0.99 PW in the control experiment C1), consistent with that estimated from the World Ocean246

Circulation Experiment (WOCE) hydrographic section at 24◦N [Lumpkin and Speer 2007].247

As expected, the stronger Nordic Sea overflow advects colder and fresher Nordic Sea water248

into the deep subpolar North Atlantic and downstream near the western boundary. The annual249

mean Mixed Layer Depth (MLD) in the Labrador Sea is also reduced by about 400m compared250

to that in the control experiment (C1) due to enhanced vertical stratification induced by the251

dense Nordic Sea overflow water entering the deep Labrador Sea basin. The above results are252

consistent with those found in the coarse resolution coupled model (NCAR CCSM4) with an253

explicit parameterization of the Nordic Sea overflow [Danabasoglu et al., 2010].254

In the perturbed experiment (P1), the stronger NADW outflow around the Flemish Cap and255

the Grand Banks shifts westward and moves not only along the western boundary as the DWBC,256

but also downslope along interior pathways just off the western boundary (Fig. 5b,d), similar to257

that observed recently [Bower et al. 2009]. As mentioned in Section 3.1, the stronger downslope258

deep flow along interior pathways interacts with the steep continental slope, inducing stronger259

D R A F T April 7, 2011, 11:09am D R A F T



X - 14 ZHANG ET AL.: IMPACT OF THE NORDIC SEA OVERFLOW

positive bottom vortex stretching thus stronger cyclonic barotropic gyre near the western bound-260

ary off the Flemish cap, south of the Grand Banks and downstream to Cape Hatteras after the261

several-year advection adjustment process, in comparison to that in the control experiment C1262

(Fig. 7a,b). Hence the North Atlantic Current (NAC) path is shifted westward, the cyclonic263

NRG north of the Gulf Stream is stronger, and the Gulf Stream path is shifted southward, com-264

pared to that in the control experiment C1 (Fig. 7a,b).265

The above relationship, i.e. a stronger southward NADW outflow (thus a stronger AMOC)266

vs. a westward shift of the NAC path, a stronger cyclonic NRG and a southward shift of the267

Gulf Stream path, is consistent with that found in some coarse resolution modeling studies268

[Gerdes and Köberle, 1995; Zhang and Vallis, 2007; Zhang, 2008; Yeager and Jochum, 2009],269

but opposite to that found in the ocean-only coarse resolution simulation [de Coẽtlogon et al.270

2006]. Changes in the cyclonic barotropic gyre circulation induced by changes in the deep271

flow are less broad in this eddy-permitting high resolution model than in those coarse resolution272

models. The simulated relationship between a stronger NADW outflow and a southward Gulf273

Stream path is also consistent with recent observations at Line W [Peña-Molino and Joyce 2008;274

Joyce and Zhang, 2010; Toole et al. 2010].275

In the control experiment C1 the unrealistic eastward shift of the NAC path leads to a large276

area of cold SST east of Newfoundland, meanwhile the very weak cyclonic NRG and the north-277

ward shift of the Gulf Stream path lead to a warm SST south of the Grand Banks (Fig. 7a,c),278

both are common issues in climate model simulations [Weese and Bryan, 2006; Bryan et al.279

2007; Molinari et al. 2008]. In the perturbed experiment P1, changes in the barotropic gyre280

circulation and the associated westward shift of the NAC path and the southward shift of the281
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Gulf Stream path lead to much warmer SST east of Newfoundland and colder slope water south282

of the Grand Banks (Fig. 7b,d; Fig. 8). In the perturbed experiment (P1), the simulated Gulf283

Stream and NAC not only shift their paths, but also are much stronger in strength and reach284

much deeper in depth with more enhanced barotropic components (Fig. 9).285

Changes in ocean currents also lead to changes in ocean eddy activities. The strongest Eddy286

Kinetic Energy (EKE) of the surface geostrophic flow and the rms sea surface height (SSH)287

variability appear along the major current paths (Fig. 10). In the control experiment (C1), the288

region with the strongest EKE and SSH variability is located too far east at mid latitudes due to289

the eastward shift of the NAC (Fig. 10 a,d). In the perturbed experiment (P1), the eddy activities290

are much stronger along the Gulf Stream and NAC paths, and the region with the strongest EKE291

and SSH variability shifts westward with the NAC at mid latitudes, turns to the northwest after292

passing the Flemish Cap and forms the “northwest corner” (Fig. 10 b,e), similar to the observed293

pattern using altimetry data (Fig. 10 c,f). The amplitudes of the EKE and SSH variability in294

the perturbed experiment (P1) using this eddy-permitting model are still smaller than observed,295

and higher resolution (eddy-resolving) models have been shown to be capable to simulate the296

observed amplitudes [Smith et al. 2000; Bryan et al. 2007; Hecht and Smith, 2008].297

4. Conclusion and Discussion

In this sensitivity study, we investigate the AMOC adjustment process and downstream298

oceanic response to an abrupt change in the Nordic Sea overflow for the first time using a299

high resolution eddy-permitting global coupled ocean-atmosphere model (GFDL CM2.5). Pre-300

vious studies on similar subjects often use coarse resolution models, which lack explicit oceanic301

eddy activities and have broader western boundary currents than observed, and some ocean-only302
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models do not have realistic air-sea boundary conditions. Here our modeling results using a high303

resolution eddy-permitting global coupled ocean-atmosphere model (GFDL CM2.5) show that304

in the region north of 34◦N, due to the existence of interior pathways, AMOC changes induced305

by an abrupt change in the Nordic Sea overflow propagate on the slow tracer advection time306

scale, instead of the fast Kelvin wave time scale. The slow advection time scale results in a307

time lead of several years between subpolar and subtropical AMOC changes, consistent with308

that found in the coarse resolution model GFDL CM2.1 [Zhang, 2010]. The barotropic cyclonic309

gyre propagates southwestward with the same tracer advection time scale. When the cyclonic310

gyre propagates to south of the Grand Banks several years later, it strengthens the DWBC and311

pushes the Gulf Stream path southward. In the region from south of 34◦N to the equator, the312

deep meridional flow anomaly moves mainly along the western boundary, not through interior313

pathways. Hence the AMOC adjustment in this region is simply through the fast Kelvin wave314

process and AMOC changes at various latitudes in this region are almost in phase.315

Our modeling results also show that the Nordic Sea overflow has a significant impact on316

the North Atlantic ocean circulation. For example, a stronger and deeper-penetrating Nordic317

Sea overflow will lead to stronger and deeper AMOC, stronger northward ocean heat transport,318

reduced Labrador Sea deep convection, stronger cyclonic NRG, westward shift of the NAC and319

southward shift of the Gulf Stream, warmer SST east of Newfoundland and colder SST south of320

the Grand Banks, stronger and deeper NAC and Gulf Stream, and stronger eddy activities along321

the NAC and the Gulf Stream paths. Our modeling results suggest that the relationship between322

a stronger Nordic Sea overflow (thus a stronger AMOC) vs. a westward shift of the NAC path,323
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a stronger cyclonic NRG and a southward shift the Gulf Stream path, is robust even with the324

presence of explicit eddy activities.325

This sensitivity study points to the important role of the Nordic Sea overflow in the large scale326

North Atlantic ocean circulation. The results suggest that the lack of a well-simulated Nordic327

Sea overflow will lead to many large scale biases in the North Atlantic ocean circulation which328

are common in many model simulations, such as the large scale SST biases associated with the329

biases in the paths of the Gulf Stream and the NAC [Weese and Bryan, 2006; Bryan et al. 2007;330

Molinari et al. 2008]. The atmosphere circulation and the long term climate are sensitive to the331

paths of the Gulf Stream and the NAC [Weese and Bryan, 2006; Minobe et al., 2008; Joyce et332

al., 2009]. Hence it is crucial for climate models to have a correct representation of the Nordic333

Sea overflow, so as to have a realistic simulation of the North Atlantic ocean circulation.334

In both perturbed (P1) and control (C1) experiments, the surface water in the interior Nordic335

Sea becomes much lighter by year 16 to 20 (Fig. 11). We speculate that this is because the sim-336

ulated warm salty upper North Atlantic water transported into the Nordic Sea is mainly confined337

to the eastern boundary of the Nordic Sea or even leaked into the Barents Sea, and not efficiently338

mixed into the interior Nordic Sea within a decade to maintain the surface density there. Hence339

in the perturbed experiment (P1), although the Nordic Sea overflow instantaneously adopts a340

large value after modifying the bathymetry, it is gradually reduced afterwards with the lighter341

Nordic Sea source water. The North Atlantic ocean circulation is very sensitive to the change342

in the Nordic Sea overflow, i.e. all the associated downstream impacts on the North Atlantic343

ocean circulation are reduced with the weakening of the Nordic Sea overflow. In the perturbed344

experiment (P1), the increase of surface density along the east coast of Greenland by year 16 to345
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20 (Fig. 11, compared to year 6 to 10) is due to the weakening of the east Greenland current346

in response to the continuous weakening of the Nordic Sea overflow, so that less fresh water is347

transported from the Arctic to the east coast of Greenland and the surface density is gradually348

increased there.349

It is possible that the impact shown in this paper is a transient response to the transient en-350

hancement of the Nordic Sea overflow. A physical parameterization of the Nordic Sea overflow351

as described in Danabasoglu et al. [2010] is being implemented in GFDL CM2.5, and the pre-352

liminary results show that the parameterized Nordic Sea overflow has a very similar impact as353

that shown in this paper. For the short period of simulation presented in this paper, it is not354

possible to assess the impact of the Nordic Sea overflow on the AMOC variability and on the355

atmosphere circulation and long term climate. We will investigate the equilibrated response to356

the Nordic Sea overflow, its impact on the AMOC variability, and its impact on the atmosphere357

circulation and long term climate in the near future, once we simulate a realistic strong Nordic358

Sea overflow over a much longer period with the overflow parameterization.359

In the perturbed experiment the Nordic Sea overflow is dominated by the Denmark Strait360

overflow, and the Faroe Bank Channel (FBC) overflow is not resolved. This is a caveat of this361

study. How to simulate and maintain the observed structure and strength of the Nordic Sea362

overflow is beyond the scope of this study. On the other hand, in reality both the Denmark Strait363

overflow and the FBC overflow move to the downstream deep Labrador Sea basin and would364

have similar downstream impacts further southward. For climate model development, a realistic365

simulation of the Nordic Sea overflow should be obtained by explicit parameterization instead366

of changing the bathymetry. However, in this sensitivity study we focus on the downstream367
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oceanic adjustment and response to an abrupt change in the Nordic Sea overflow, and we perturb368

the Nordic Sea overflow by modifying the bathymetry. We expect similar impacts would occur369

if we had perturbed the Nordic Sea overflow by some other approaches, such as perturbing the370

density of the Nordic Sea surface water.371
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Figure captions

1. Bathymetry of the North Atlantic used in GFDL CM2.5 for the control and the perturbed443

experiments. (a) Control experiment C1 (b) Perturbed experiment P1 (c) Control experiment444

C2 (d) Perturbed experiment P2. In the perturbed experiments the bathymetry in the area within445

the thick black frame is deepened by 300m, whenever the background ocean depth in this area446

in the control experiments is more than 300m.447

2. The difference of the annual mean deep flow (u,v) at 3000m between the perturbed exper-448

iment P1 and the control experiment C1 of year 1 (a) and year 5 (b) respectively.449

3. The difference of the annual mean AMOC (Sv) between the perturbed and the control450

experiments at the potential density level 1036.9kg/m3 as a function of latitude for the first451

10 years. (a) Absolute AMOC difference (P1−C1) (b) Absolute AMOC difference (P2−C2)452

(c) Relative AMOC difference, i.e. (P1−C1) minus the 10-year mean difference (P1−C1) at453

each latitude, (d) Relative AMOC difference, i.e. (P2−C2) minus the 10-year mean difference454

(P2−C2) at each latitude.455

4. Annual mean passive dye tracer at deep ocean (3000m) (a,b,c) and barotropic streamfunc-456

tion (Sv) (d,e,f) for year 2,4,6 of the perturbed experiment (P1).457

5. Annual mean age tracer (year), passive dye tracer released from the Denmark Strait, and458

horizontal velocities (u,v, m/s) in the North Atlantic deep ocean (average of 2500m to 4000m)459

averaged from year 6 to 10 of the control experiment C1 (a,c) and the perturbed experiment P1460

(b,d) in CM2.5.461

6. Annual mean Atlantic meridional overturning streamfunction (Sv) averaged from year 6462

to 10 of the control experiment C1 (a) and the perturbed experiment (b) in CM2.5.463
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7. Annual mean North Atlantic barotropic streamfunction (Sv), SST (K), and upper ocean464

(100m) horizontal velocities (u,v, m/s) averaged from year 6 to 10 of the control experiment C1465

(a,c) and the perturbed experiment P1 (b,d) in CM2.5.466

8. Annual mean differences between the Perturbed and Control Experiments (P1−C1) av-467

eraged from year 6 to 10 of in CM2.5 for (a) North Atlantic barotropic streamfunction and (b)468

SST, both overlapped with the differences in the upper ocean (100m) horizontal velocities (u,v).469

9. Simulated annual mean Gulf Stream and North Atlantic Current in CM2.5 averaged from470

year 6 to 10 of the control experiment C1 (a,c) and the perturbed experiment P1 (b,d). (a,b)471

Zonal velocity (m/s) at section 60◦W, (c,d) Meridional velocity (m/s) at section 46◦N. Note the472

contour interval is 0.02m/s in (a,c) and 0.04m/s in (b,d).473

10. Simulated Eddy Kinetic Energy (EKE) (cm2s−2) of the surface geostrophic flow and the474

rms SSH variability (cm) averaged from year 6 to 10 of the control experiment C1 (a,d) and the475

perturbed experiment P1 (b,e) in CM2.5, and the comparison with observations - the merged476

altimeter product for the period of 2002-2006 (c,f). Both simulated and observed EKE and rms477

SSH variability are derived from 7-day snapshots of SSH field. The EKE is derived from SSH478

through geostrophy and plotted in logarithmic scale. The altimeter products were produced by479

SSALTO/DUACS and distributed by AVISO with support from CNES.480

11. Nordic Sea surface density change (Kg/m3) in February averaged between two 5-year481

periods (year 16-20 minus year 6-10). (a) Perturbed experiment P1 (b) Control experiment C1482
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Dynamic content captions

1. Animation (3-dim) of annual mean passive dye tracer released from the Denmark Strait483

for year 1 to 10 of the perturbed experiment P1. The thick black lines mark ocean isodepth484

contours at 1000m, 2000m, 3000m.485

2. Animation (3-dim) of annual mean passive dye tracer released from the Denmark Strait for486

year 1 to 10 of the control experiment C1. The thick black lines mark ocean isodepth contours487

at 1000m, 2000m, 3000m.488
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Figure 1
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(a)

(b)

Annual Mean Deep Flow Anomaly of Year 1

Annual Mean Deep Flow Anomaly of Year 5

0.1m/s

Figure 2
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Figure 3
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Figure 4
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Age Tracer (Control) Age Tracer (Perturbed)

Passive Dye (Control) Passive Dye (Perturbed)

(a) (b)

(c) (d)

0.1m/s

Figure 5
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(a) Atlantic Overturning Streamfunction (Control Experiment)

Atlantic Overturning Streamfunction (Perturbed Experiment)(b)

Figure 6
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(a) Barotropic Streamfunction (Control) Barotropic Streamfunction (Perturbed)

(c) (d)

(b)

SST (Control) SST (Perturbed)

0.5 m/s

Figure 7
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(a) Barotropic Streamfunction (Perturbed - Control) SST (Perturbed - Control)

0.5 m/s

(b)

Figure 8
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(a) Zonal Velocity at 60 W (Control)

Zonal Velocity at 60 W (Perturbed)(b)

(c)

(d)

Meridional Velocity at 46 N (Control)

Meridional Velocity at 46 N (Perturbed)

o

o o

o

Figure 9
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Figure 10
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(a) Surface Density Change (Perturbed) 

(b) Surface Density Change (Control) 

Figure 11
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